Introduction
============

Cancer is a serious health problem and a major medical challenge worldwide. The integration of cancer diagnosis and treatment is important for dealing with this increasingly serious problem. Many nanoplatforms for simultaneous diagnosis and treatment of cancer have been reported. However, the contrast ratio of diagnosis and treatment effect remains to be improved.

Among available diagnosis modalities, computed tomography (CT) shows the best spatial and density resolutions (\>50 μm) with three-dimensional (3D) tomography of the anatomic details with high tissue penetration [@B1]. Nevertheless, compared to optical imaging, CT imaging is limited in providing real-time dynamic imaging information. For further more accurate diagnosis, a combination of CT and optical imaging modalities as well as the development of multifunctional imaging agents are required. Rare-earth nanoparticles (UCNP) with a unique upconversion luminescence (UCL) mechanism can meet these demands because of their specific advantages, such as no photobleaching, absence of autofluorescence from the biosome, and outstanding light penetration depth into soft tissues [@B2]-[@B8]. Also, rare earth-based UCNP with a high X-ray mass attenuation coefficient (2.32 - 4.01 cm^2^ g^-1^) can be applied as a CT contrast agent. Among alkali metal sources, cesium (Cs) theoretically has a higher X-ray absorption coefficient than that of other common alkali metals, because X-ray attenuation properties are positively related to molecular weight. Therefore, a Cs-based UCNP may be an effective CT/UCL dual model agent for cancer diagnosis and localization.

The treatment effect should also be improved and optimized after diagnosis. Photothermal therapy (PTT) is a novel emerging cancer treatment that can inhibit the growth of cancer cells and ablate tumors using therapeutic photothermal agents exposed to a near-infrared laser (NIR), which results in higher temperatures surrounding the tumor. Currently, the available PTT coupling agents mainly include metal nanoparticles [@B9]-[@B10], semiconductor nanoparticles [@B11]-[@B14], carbon-based nanomaterials [@B15]-[@B16], polymeric nanoparticles [@B17]-[@B22], and a small-molecule dye indocyanine green (ICG) [@B23]-[@B26], which is a hydrophilic photothermal agent approved by the U.S. Food and Drug Administration. However, PTT alone fails inevitably resulting in tumor recurrence and metastasis because of the nonhomogeneous heat distribution within the tumor tissue [@B27]. Conventional chemotherapy plays a crucial role, as it is more acceptable to patients and inhibits metastatic spread in the body. Therefore, a combination of PTT and chemotherapy, known as photothermal-chemo synergistic therapy, shows a better therapeutic effect than each treatment alone [@B28]-[@B29]. Previous studies of the biological antitumor activity of non-common chemotherapeutic drugs showed that alpha-tocopheryl succinate (*α*-TOS), a vitamin E derivative, selectively inhibits cell proliferation and induces apoptosis of many different types of cancer cells, but not normal cells [@B30]. These effects are based on the action of complex extracellular and intracellular signal transduction pathways that trigger tumor cell apoptosis, inhibition of DNA synthesis, and tumor cell differentiation.

In this study, we designed a multifunctional UCNP, a nanoplatform that integrates cancer diagnosis and chemo-photothermal therapy. This is accomplished by using CsLu~2~F~7~:Yb,Er,Tm as a CT/UCL contrast agent, RGD peptide as an active targeting molecule, *α*-TOS as a chemotherapy drug, and ICG as a PTT agent. Following intravenous injection of the UCNPs in tumor-bearing mouse models, CT/UCL imaging was used to visualize the location of the tumor in the body. The synergistic therapeutic effect in cultured cells and small-animal models was also investigated. In addition, the biocompatibility of the multifunctional nanoplatform was evaluated.

Experimental Section
====================

Materials
---------

All the starting materials were obtained from commercial supplies and used as received. Rare-earth oxides Lu~2~O~3~ (99.999%), Yb~2~O~3~ (99.999%), Er~2~O~3~ (99.999%), and Tm~2~O~3~ (99.99%) were purchased from Beijing Lansu Co. Ltd. RECl~3~ (RE^3+^ = Lu^3+^, Yb^3+^, Er^3+^, Tm^3+^) was prepared by dissolving the corresponding metal oxide in hydrochloric acid at elevated temperature then removed the solvent. Ethanol, cyclohexane, toluene, and hydrochloric solution were purchased from Sinopharm Chemical Reagent Co. China. Oleic acid (OA) (\>90%) and 1-octadecene (ODE) were purchased from Aldrich. CsOH∙H~2~O was purchased from Alfa Aesar Ltd. Indocyanine green (ICG) were purchased from TCI Chemical Reagent Shanghai Co. Ltd. Alpha-tocopheryl succinate (*α*-TOS) and N-hydroxysuccinimide sodium salt (sulfo-NHS) were purchased from Sigma (St. Louis, MO). DSPE-PEG (2000) maleimide and DSPE-PEG (2000) amino were purchased from Avanti. 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide hydrochloride (EDC) was purchased from Aladdin Reagent Co. Ltd. All the other chemical reagents were of analytical grade and were used directly without further purification. Deionized water was used throughout.

Synthesis of UCNP-ICG-TOS-RGD
-----------------------------

### Synthesis of oleic acid (OA)-coated upconversion nanoparticles (UCNP-OA)

UCNP-OA was synthesized according to the reference with some modification.[@B31] A typical procedure is as follow: given amounts of LuCl~3~ (0.78 mmol), YbCl~3~ (0.20 mmol), ErCl~3~ (0.016 mmol), and TmCl~3~ (0.004 mmol) were added to a 100 mL three-necked flask containing OA (6 mL) and ODE (15 mL). The mixture was heated to 160^o^C to form a pellucid solution, and then cooled down to room temperature. 10 mL of methanol solution containing CsOH·H~2~O (2.5 mmol) and NH~4~F (4 mmol) was slowly dropped into the flask and stirred for 30 min. Subsequently, the solution was heated to 295^o^C and maintained for 1 h at argon atmosphere. After the solution was cooled naturally, an excessive amount of ethanol was poured into the resultant mixture was centrifugally separated, and the products were collected and washed with cyclohexane and ethanol three times.

### Synthesis of DSPE-PEG (2000) maleimide/amino-functionalized upconversion nanoparticles (UCNP-PEG)

DSPE-PEG (2000) maleimide, DSPE-PEG (2000) amino, and UCNP-OA according to the mass ratio 1:1:2 were dispersed separately in chloroform and then mixed together. After stirred for 2 h, the chloroform was evaporated. The product was collected *via* 10000 rpm centrifugation for 5 min and washed with deionized water for three times. The product, named UCNP-PEG, was dispersed easily in deionized water.

### Synthesis of indocyanine green (ICG)-functionalized upconversion nanoparticles with targeting molecules (UCNP-ICG-RGD)

The UCNP-ICG with adding targeting molecules was prepared using aqueous-based preparation method.[@B32]-[@B33] ICG (1 mmol) was added to HEPES (4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid) buffer (0.1 M, 5 mL, pH = 8.0) containing the UCNP-PEG (1 mmol) and stirred for 8 h at room temperature. The precipitate (UCNP-ICG) was obtained after 5 min 10000 rpm centrifugation and washing with deionized water to remove excess nonbinding ICG. Then, the 6-maleimidohexanoic acid NHS (30 mg, 0.97 mmol) was added to HEPES buffer of c(RGDFK) (69 mg, 1 mmol). The reaction was allowed to stir gently overnight at room temperature. After washing and centrifugation, UCNP-ICG-RGD were obtained and suspended in HEPES buffer (0.1 M, 5 mL, pH = 7.3) and stored at 4^o^C.

### Synthesis of RGD/TOS-functionalized upconversion nanoparticles (UCNP-TOS-RGD)

*α*-TOS (1 mmol) was mixed with a dimethylsulfoxide (DMSO) solution (2 mL) containing EDC (0.01 mmol), sulfo-NHS (0.092 mmol), and the mixture was stirred for 3 h. Similar to the previous method [@B9], the precipitate and DMSO solution of α-TOS were added to HEPES buffer (0.1 M, 5 mL, pH = 7.3) of c(RGDFK) (1 mmol). The mixed solutions were stirred gently overnight at room temperature. After centrifugation and washing three times with deionized water, UCNP-TOS-RGD were obtained and suspended in HEPES buffer (0.1 M, 5 mL, pH = 7.3) and stored at 4^o^C.

### Synthesis of UCNP-ICG-TOS-RGD

Similar to the above method, the HEPES buffer of UCNP-ICG-RGD was added to a DMSO solution of *α*-TOS (1 mmol), and the mixture was stirred 8 h at room temperature. The UCNP-ICG-TOS-RGD were obtained by washing three times with deionized water and stored in HEPES buffer (0.1 M, 5 mL, pH = 7.3) at 4^o^C.

Characterization
----------------

Sizes and morphologies were determined at 200 kV using a JEOL JEM-2010F high-resolution transmission electron microscope (HR-TEM). Energy-dispersive X-ray analysis (EDXA) was also performed during HR-TEM measurements. Dynamic light scattering experiments were carried out on a Zetasizernano 90. Powder X-ray diffraction (XRD) measurement was measured with a Bruker D4 X-ray diffractometer (Cu Kα radiation, 0.15406 nm). Upconversion luminescence (UCL) spectra were measured with a Maya LIFS-980 fluorescence spectrometer by using an external 0-5 W 980 nm adjustable laser as the excitation source. Ultraviolet-visible-near infrared (UV-vis-NIR) absorption spectra were obtained using a UV-2550 spectrophotometer (S-1700, Shimadzu, Japan). Fourier transform infrared (FTIR) spectra were performed on Fourier Transform Infrared Spectrophotometer IRPRESTIGE-21 (Shimadzu) .

Cell culture
------------

HeLa (human cervical carcinoma), U87MG (human glioblastoma), and HEK 293T (human embryonic kidney epithelial cell line) cell lines were provided by the Institute of Basic Medical Sciences Chinese Academy of Medical Sciences. Cells were grown in DMEM (Dulbecco\'s modified Eagle\'s medium) supplemented with 10% FBS (fetal bovine serum) and 1% penicillin-streptomycin at 37^o^C with 5% CO~2~. Cultures were maintained at 37^o^C under a humidified atmosphere containing 5% CO~2~. For use in the experiments, 1 × 10^5^ cells well^-1^ were seeded in 10 mm glass coverslips and allowed to attach for 24 h prior to the assay. To generate HeLa cells with low *α~v~ß~3~*-integrin density, HeLa cells were passaged using trypsin but not scarping.

Toxicology studies
------------------

### MTT assays

U87MG cells were seeded into a 96-well cell culture plate at 5×10^5^well^-1^, under 100% humidity, and were cultured at 37^o^C and 5 % CO~2~ for 24 h; the different concentrations of UCNP-ICG-RGD (0, 400, 600, 800, 1000, and 1200 μg mL^-1^ diluted in RPMI 1640) were then added to the wells. The cells were subsequently incubated for 4 h or 24 h at 37^o^C under 5% CO~2~. Thereafter, 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT, 10 μL; 5 mg mL^-1^) was added to each well and the plate was incubated for an additional 4 h at 37^o^C under 5% CO~2~. After the addition of DMSO (100 μL well^-1^), the assay plate was allowed to stand at room temperature for 12 h. The optical density OD570 value (*Abs.*) of each well, with background subtraction at 690 nm, was measured by means of a Tecan Infinite M200 monochromator-based multifunction microplate reader. The following formula was used to calculate the inhibition of cell growth:

Cell viability (%) = (mean of
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Histology and hematology studies
--------------------------------

This work with animals was in accordance with the protocol as approved by IACUC (Institutional Animal Care and Use Committe). Blood samples and tissues were harvested from test (intravenous injection of the UCNP-ICG-RGD) and control (no injection of the UCNP-ICG-RGD) group of nude mice (n = 5) after 30 min, 24 h, 7 d, and 30 d. Blood was collected from the orbital sinus by quickly removing the eyeball from the socket with a pair of tissue forceps. Five important hepatic indicators (alanine aminotransferase: ALT, aspartate aminotransferase: AST, total bilirubin: TBIL, total protein: TP, albumin: ALB), and two indicators for kidney functions (creatinine: CREA and urea: UA) were measured. The serum chemistry data were measured in Nanjing Biomedical Research Institute of Nanjing University. Upon completion of the blood collection, mice were sacrificed. Heart, liver, spleen, lung, kidney, intestine, and stomach were removed, and fixed in paraformaldehyde, embedded in paraffin, sectioned, and stained with hematoxylin and eosin (H&E). Long-term toxicity of the UCNP-ICG-RGD was further investigated over 30 days by histology studies.

Tumor xenografts
----------------

This work with animals was in accordance with the protocol approved by IACUC (Institutional Animal Care and Use Committee). Tumor cells were harvested when they reached near confluence by incubating with 0.05% trypsin-EDTA. U87MG cells were pelleted by centrifugation and resuspended in sterile phosphate-buffered saline (PBS). Cells (5 × 10^6^ cells site^-1^) were implanted subcutaneously into the right hind leg of four-week-old female athymic NU/NU nude mice. Biodistribution and imaging studies were performed when tumors reached 4-6 mm in average diameter (3 weeks after implant).

Targeted efficiency
-------------------

**Flow cytometric analysis:**U87MG and HeLa cells (1×10^6^cells) were washed with ice-cold PBS, and then resuspended in α~v~β~3~ PBS solution (1%) and cultured in an ice-cold environment for another 30 min. The cells were analyzed in a flow cytometer. A minimum of 10000 events were examined for each sample.

**Biodistribution:**All the animal procedures were in agreement with IACUC and carried out ethically and humanely. 12 tumor-bearing nude mice were used to study the biodistribution of UCNP, UCNP-ICG, UCNP-ICG-RGD; 3 mice each were in test groups 1 and 2 injected with UCNP (200 μL, 1 mg mL^-1^) and UCNP-ICG (200 μL, 1 mg mL^-1^), respectively and 6 mice in test group 3 and 4 were injected with UCNP-ICG-RGD (200 μL, 1 mg mL^-1^). The 3 mice in test group 1, 2, and 3 were sacrificed 24 hours post-injection while the 3 mice in test group 4 were sacrificed 48 hours post-injection. The heart, liver, spleen, lung, and kidneys were harvested, taken up in DI water (1 mL), centrifuged, and the supernatant diluted with DI water to 1:10 v/v. Determination of Lu uptake content in tissues and excrements were performed by inductively coupled mass spectroscopy (ICP-MS) analysis (Agilent 7500ce ICP-MS).

Targeted computed tomography (CT)
---------------------------------

***In vitro*:**Various mass concentrations of NaLuF~4~- and CsLu~2~F~7~-based nanoparticles (0.75, 1.5, 3, 6 and 12 mg mL^-1^) dispersed in deionized water were prepared in a series of 1.5 mL tubes for phantom test. CT images were acquired using a dual-source CT system (SIEMENS Inveon MMCT micro CT instrument). Imaging parameters were as follows: effective pixel size, 53.01 μm; 70 KVp, 500 μA; field of view, 54.28 mm × 81.42 mm; rotation steps, 180; binning, 2; exposure time, 200 ms rotation^-1^. Images of phantom CT images were analyzed with Kodak Molecular Imaging Software. Hounsfield unit (HU) values were measured by the SIEMENS Inveon MMCT micro CT software.

***In vivo*:**NU/NU mice were anesthetized (with 10% chloral hydrate, 100 μL) and were injected intravenously with the UCNP-ICG-RGD solution (200 μL, 1 mg mL^-1^). 30 min post-injection, whole-body imaging was performed. Effective pixel size, 52.81 μm; 80 KVp, 500 μA; field of view, 54.07 mm × 81.11 mm; rotation steps, 180; binning, 2; exposure time, 600 ms rotation^-1^.

Targeted upconversion luminescence (UCL) imaging
------------------------------------------------

***In vitro*:**For cell staining assays, U87MG and HeLa cells were incubated with the UCNP-ICG-RGD (300 μg mL^-1^) for 1 h at 37^o^C in a serum-free medium. U87MG cells were employed for targeted UCL imaging, whereas the HeLa cells were used in the control experiments. For comparison, U87MG cells were also incubated with non-RGD conjugated UCNP-ICG (300 μg mL^-1^); U87MG cells were incubated with excess free RGD (50 μL; 1 mM) and then incubated with UCNP-ICG (300 μg mL^-1^) under otherwise identical conditions. Excitation of the cells was provided by the continuous wave (CW) laser at 980 nm; the green and red UCL emission of UCNP-RGD was collected at 530 ± 30 nm and 650 ± 50 nm, respectively.

***In vivo*:**The same mice used in CT imaging were then transferred to a UCL system for UCL imaging. And then tissues (heart, lung, tumor, liver, spleen, and kidney) dissected from these mice were used for targeted UCL imaging. The UCL imaging was performed with a modified upconversion luminescence*in vivo* imaging system designed as described in literature [@B43]. *In vivo* UCL signals were collected at 800 ± 12 nm.

Targeted photothermal imaging
-----------------------------

***In vitro*:**Photothermal imaging was performed with FLIR E40 equipment, in conjunction with an 808 nm laser illuminator, which was set up by our group [@B20]. Dilutions of UCNP-ICG-RGD in deionized water (100-1000 μg mL^-1^) were placed in specimen bottles irradiated by an 808 nm laser (0.5 W cm^-2^). The temperature signals recorded at different time intervals (0-300 s) were analyzed with FLIR tools systems.

***In vivo*:** NU/NU nude mice bearing tumor were anesthetized (with 10% chloral hydrate, 100 μL) and PBS solution of UCNP-ICG-RGD (200 μL, 1 mg mL^-1^) was intravenously injected (n = 5). After irradiation by the laser of 808 nm (0.5 W cm^-2^), temperature signals were recorded at different time points (0-300 s). The PBS solution of UCNP-ICG-RGD (200 μL, 1 mg mL^-1^) was intravenously injected into the mice which were exposed to 808 nm laser (0.5 W cm^-2^) for 10 min every other day.

Therapeutic techniques *in vitro*
---------------------------------

To evaluate the targeted cancer cell inhibition efficiency, an MTT assay was performed following chemotherapy with UCNP-TOS-RGD, photothermal therapy with UCNP-ICG-RGD, and synergistic therapy with UCNP-ICG-TOS-RGD. Briefly, 1×10^5^ U87MG (cancer cells) and 293T cells (normal cells) per well were seeded into 96-well plates overnight at 37^o^C and 5% CO~2~for therapeutic effect assay. For each nanomaterial, the mean and standard deviation from triplicate 96-well plates were analyzed and reported.

**Chemotherapy*in vitro*:**Cells were seeded into a 96-well cell culture plate at 5×10^5^well^-1^, under 100% humidity, and were cultured at 37^o^C and 5 % CO~2~ for 24 h. Then, the medium of U87MG cells was replaced with fresh medium containing UCNP-TOS-RGD at different *α*-TOS dose of (0, 10, 20, 30, and 40 μM), and incubated for another 24 h. The U87MG and 293T cells were treated with free *α*-TOS and UCNP-PEG as controls.

**Photothermal therapy*in vitro*:**The medium of U87MG cells was replaced with fresh medium containing UCNP-ICG-RGD at different free ICG dose of (0, 5, 10, 15, and 20 μM) under an 808 nm laser, and incubated for another 24 h. The U87MG cells treated with medium containing ICG at the same concentration upon irradiation at 808 nm laser served as a control.

**Synergistic therapy*in vitro*:**The medium of U87MG cells was replaced with fresh medium containing UCNP-ICG-TOS-RGD (2000 μg mL^-1^) under an 808 nm laser, and incubated for another 24 h (Synergistic group). The U87MG cells were treated with UCNP-TOS-RGD (Chemo group), and UCNP-ICG-RGD under an 808 nm laser (Photothermal group) served as controls.

Synergistic therapy*in vivo*
----------------------------

When the tumor size reached 4-6 mm, nude mice bearing U87MG tumors were randomly divided in three groups (n = 5). Synergistic group: nude mice were intravenously injected with 200 μL of UCNP-ICG-TOS-RGD (1 mg mL^-1^) and irradiated by 808 nm laser for 5 min. Control groups were as follows: Chemo group: mice were intravenously injected with UCNP-TOS-RGD; Photothermal group: mice were intravenously injected with UCNP-ICG-RGD and exposed to the 808 nm laser. Blank group: mice were intravenously injected with 200 μL of fresh medium. The tumors were measured by a caliper every three days after photothermal treatment and the sizes were calculated according to the formulation: The tumor volume = (tumor length) × (tumor width)^2^/2. During the 9 days treatment progress, 6 times injection was taken on the mice in Synergistic group and two control groups. A representative mouse of each group was sacrificed and the tumor was excised and photographed at different time points.

Results and Discussion
======================

Synthesis and characterization
------------------------------

Contrary to the previous synthesis of upconversion nanoparticles, we selected Cs as the alkali metal source for UCNP. Oleic acid (OA)-capped upconversion nanoparticles (UCNP-OA) were synthesized using a modified solvothermal method (Scheme [1](#SC1){ref-type="fig"}). The morphology and structure of the UCNP-OA were characterized by transmission electron microscopy (TEM). UCNP-OA samples were spherical in shape with a size distribution range of 10-17 nm (Figure [1](#F1){ref-type="fig"}A, B, & D) and did not show significant aggregation. Energy dispersive X-ray analysis (EDXA) displayed elemental peaks related to Cs, Lu, F, and Yb, confirming detectable levels of doped ions in the nanoparticle matrix (Figure [S1](#SM1){ref-type="supplementary-material"}). High-resolution TEM (HR-TEM) images of UCNP-OA showed that the distance between lattice fringes was 0.348 nm, corresponding to the (023) planes of the hexagonal phase (Figure [1](#F1){ref-type="fig"}B inset). To further confirm the composition and crystallinity, the X-ray powder diffraction (XRD) pattern of the UCNP-OA was evaluated and identified in the hexagonal phase of CsLu~2~F~7~ (JCPDS card No. 43-0504, Figure [1](#F1){ref-type="fig"}C). UCNP-OA were easily dispersed in various nonpolar organic solvents (e.g. cyclohexane, toluene, and chloroform), indicating the presence of hydrophobic OA on the surface of the nanoparticles.

For the application of UCNP-OA in bioimaging-guided therapy, the surface of hydrophobic UCNP-OA was further functionalized (Scheme [1](#SC1){ref-type="fig"}). UCNP-OAs were converted to water-soluble nanoparticles by coating with DSPE-PEG (2000) maleimide and DSPE-PEG (2000) amino to obtain PEG-coated UCNP (UCNP-PEG). Following polymer coating, there was no significant change in morphology and size based on TEM images (Figure [S2](#SM1){ref-type="supplementary-material"}). Dynamic light scattering showed that the effective hydrodynamic diameter of UCNP-PEG was approximately 30 nm (Figure [S3](#SM1){ref-type="supplementary-material"}). The increased hydrodynamic diameter may be the result of the polymer linkage and water layer coating. The dynamic light scattering results indicated successful coating of the polymer on the nanoparticle surface.

ICG, a photothermal coupling agent, was then incorporated into the nanoparticles (UCNP-PEG) during polymer coating, as DSPE-PEG (2000) maleimide/amino is comprised of a long lipophilic alkyl tail and hydrophilic polar head group. By measuring the absorbance at 785 nm, the ICG content in the UCNP-ICG samples was determined to be 9.62 × 10^-6^ mol g^-1^ (Figure [2](#F2){ref-type="fig"}A & B). The stability and leakage of ICG were also considered. No obvious ICG leakage was observed, suggesting that ICG can be stably incorporated into the UCNP (Figure [S4](#SM1){ref-type="supplementary-material"}). Moreover, based on the conjugation of maleimide groups of PEG and thiolated groups of c(RGDFK), UCNP-ICGs were coupled with the targeting functional c(RGDFK) (abbreviated as UCNP-ICG-RGD) to ensure the targeting ability to cancer cells. The fourier transform infrared (FTIR) spectra supported the successful surface modification of UCNP (Figure [S5](#SM1){ref-type="supplementary-material"}). Using the ninhydrin method, the level of RGD was determined to be \~10^-7^ mol g^-1^ (Figure [S6](#SM1){ref-type="supplementary-material"}).

The UCL emission spectrum of the UCNP-ICG-RGD (78%mol Lu, 20%mol Yb, 1.6%mol Er, 0.4%mol Tm) in water (1 mg mL^-1^) at room temperature is shown in Figure [2](#F2){ref-type="fig"}C. Under continuous-wave (CW) excitation at 980 nm, UCNP-ICG-RGD exhibited distinct UCL emission bands at 520, 540, and 654 nm, corresponding to the ^2^H~11/2~→^4^I~15/2~, ^4^S~3/2~→^4^I~15/2~, and ^4^F~9/2~→^4^I~15/2~ transitions of Er^3+^, respectively; UCL emission bands at 490, 695, and 800 nm originated from the ^1^G~4~→^3^H~6~, ^3^F~3~→^3^F~4~, and ^3^H~4~→^3^H~6~ transitions of Tm^3+^, respectively. The UCL emissions showed no obvious change before and after PEG surface modification. After ICG loading, the strong absorption of ICG at 785 nm slightly blocked the 800 nm emission of UCNP, which would not influence the application of UCNP for optical imaging (Figure [S7](#SM1){ref-type="supplementary-material"}). We further measured the solubility of UCNP-ICG-RGDs in water and physiologically relevant solutions, including phosphate-buffered saline, 5% glucose solution, fetal bovine serum, Dulbecco modified Eagle medium, 0.9% NaCl solution, and artificial cerebrospinal fluid. Before centrifugation, no aggregates were observed in any of the solutions and the samples exhibited UCL upon 980 nm excitation (Figure [2](#F2){ref-type="fig"}D). After centrifugation, the UCNP-ICG-RGDs still exhibited bright UCL upon excitation and were redispersed in the solution by ultrasonication (Figure [S8](#SM1){ref-type="supplementary-material"}). However, both water and free ICG solution showed no UCL signal under the 980 nm laser (Figure [S9](#SM1){ref-type="supplementary-material"}). These data indicate that the UCNP-ICG-RGDs had good solubility in physiologically relevant solutions and can be used as UCL imaging probes.

Toxicology studies
------------------

To evaluate the safety and possibility of using a novel material for bioapplication, toxicity should be carefully evaluated. Therefore, the *in vitro* and *in vivo*toxicities of UCNP-ICG-RGDs were examined.

***In vitro*:** Prior to using UCNP-ICG-RGDs for *in vivo* imaging, we first tested their cytotoxicity using the methyl thiazolyltetrazolium (MTT) assay (Figure [S10](#SM1){ref-type="supplementary-material"}), which revealed no significant differences in the proliferation of U87MG cells in the absence or presence of UCNP-ICG-RGDs (0-1200 μg mL^-1^) within 12 and 24 h. Even after 24 h incubation, cell viability was estimated to be approximately 80%. The MTT assay results demonstrated that UCNP-ICG-RGDs had low cytotoxicity to cells.

***In vivo*:**Nanoparticles toxicity was assessed in mice. Mice intravenously injected with UCNP-ICG-RGDs (200 μL, 1 mg mL^-1^) were sacrificed at different time intervals (30 min, 24 h, 7 d, 30 d, 45 d, and 60 d) after injection, and their organs, including the heart, liver, spleen, lung, and kidneys, were harvested for histochemical analysis. The results of histochemical studies showed no significant differences between the test and control mice at different time intervals (Figure [S11](#SM1){ref-type="supplementary-material"}). The organs showed no detectable toxicity (e.g. necrosis, hydropic degeneration, inflammatory infiltrates, pulmonary fibrosis, gastroenteritis, or infectious diarrhea), indicating the safety of UCNP-ICG-RGDs. Finally, serum biochemistry assays were performed to further evaluate toxicity in organs, particularly in the liver and kidney. Five important hepatic function indicators (alanine aminotransferase, aspartate aminotransferase, total bilirubin, total protein, and albumin) and two indicators of kidney function (creatinine and urine albumin) were analyzed (Figure [S12](#SM1){ref-type="supplementary-material"}). These indicators were in the normal range in mice injected with UCNP-ICG-RGD solution. Therefore, UCNP-ICG-RGDs had no obvious or detectable influence on the health of injected mice.

Targeted efficiency
-------------------

As a targeted nanoplatform for multifunctional imaging and therapy, the target efficiency of UCNP-ICG-RGDs was evaluated.

***In vitro*:** Integrin α~v~β~3~plays a pivotal role in tumor angiogenesis and is a receptor for extracellular matrix proteins with an exposed RGD tripeptide sequence. We first systematically investigated integrin α~v~*β*~3~ expression on different cells by the flow cytometric analysis using an α~v~*β*~3~-complex-specific monoclonal antibody. As shown in Figure [3](#F3){ref-type="fig"}A and 3B, U87MG cells showed higher levels of α~v~*β*~3~antibody staining than that in HeLa cells. These results indicate that U87MG cells expressed high levels of integrin α~v~*β*~3~.

***In vivo:*** Before application in small-animal imaging, the tissue distribution of UCNP-ICG-RGDs following intravenous injection was investigated by inductively coupled mass spectroscopy. The animals were sacrificed at 24 and 48 h post-injection. The Lu^3+^ concentration, an indicator of UCNP-ICG-RGD, in various organs was quantitatively analyzed (Figure [S13](#SM1){ref-type="supplementary-material"}). Inductively coupled mass spectroscopy analysis showed that UCNP-ICG-RGDs uptake and retention occurred primarily in the tumor, liver, and spleen, while only low levels of UCNP-ICG accumulated in the tumor. At 48 h post-injection, UCNP-ICG-RGD uptake by the tumor increased, while UCNP-PEG and UCNP-ICG uptake remained at low levels (Table [S1](#SM1){ref-type="supplementary-material"}). These data demonstrate that UCNP-ICG-RGD is a promising probe for targeting tumors in small animal models.

Targeted X-ray CT imaging
-------------------------

Toxicity analysis suggested that the UCNP-ICG-RGDs had no obvious toxicity in living systems and can be applied for *in vivo* application. Because X-ray CT imaging, which has been used in the clinic for many years, can provide detailed information regarding tumor location, we first tested the effect of CT imaging both *in vitro* and *in vivo*.

***In vitro*:** Many novel CT contrast agents, such as I- [@B34], Au- [@B35], and lanthanide-\[36-42\] based nanoparticles, have been widely reported. Among these contrast agents, Lu-based nanoparticles show the best results, as Lu has a high X-ray absorption coefficient (4.01 cm^2^ g^-1^ at 100 keV) [@B43]. Therefore, NaLuF~4~ nanoparticles as a CT contrast agent have been widely applied in CT *in vivo*. However, Cs has a higher theoretical molecular weight than that of common alkali metals (such as Li, Na, and K). Therefore, we investigated the X-ray attenuation of the obtained CsLu~2~F~7~-based nanoparticles. For comparison, NaLuF~4~-based nanoparticles with the same size distribution as CsLu~2~F~7~-based nanoparticles were synthesized (Figure [S14](#SM1){ref-type="supplementary-material"} and S15). *In vitro*X-ray CT phantom images were acquired using various concentrations of NaLuF~4~- and CsLu~2~F~7~-based nanoparticles (0.75, 1.5, 3, 6, and 12 mg mL^-1^) dispersed in deionized water. As the mass concentration of CsLu~2~F~7~-based nanoparticles increased, the CT enhancement signals continuously increased, which were higher than that of NaLuF~4~-based nanoparticles at the same mass concentration (Figure [3](#F3){ref-type="fig"}C). The CT values, known as Hounsfield units (HU) value, of the CsLu~2~F~7~-based nanoparticles at 10 mg mL^-1^reached 232.2, which is higher than the value for NaLuF~4~-based nanoparticles (HU = 175) and other reported CT contrast agents (HU = 138-220) [@B44]-[@B46] at the same mass concentration (Figure [3](#F3){ref-type="fig"}D and Table [S2](#SM1){ref-type="supplementary-material"}). Similar results were observed at the same molar concentration (Table [S3](#SM1){ref-type="supplementary-material"}). This can be explained by the fact that Cs has a higher X-ray absorption coefficient than that of the other common alkali metal, Na, and more Lu was located inside the matrix.

***In vivo:*** CT imaging is a common technique for identifying tissues using CT contrast agents. By examining tissues containing elements with high atomic number, such as bone and contrast agent-containing tissues, the exact position of the tumor was confirmed by 3D CT volume-rendered images. Nude mice bearing U87MG tumors were administered UCNP-ICG-RGDs (200 μL, 1 mg mL^-1^) *via* tail vein injection. Enhanced signals in the heart, liver, tumor, and vasculature were also observed in 3D CT volume-rendered images (Figure [S16](#SM1){ref-type="supplementary-material"}). From the images and relative CT values of mouse samples (Figure [3](#F3){ref-type="fig"}E and F), Cs-based UCNPs were superior to Na-based UCNPs, not only *in vitro* but also in the *in vivo*model. Therefore, because of the efficient targeting ability and excellent CT performance, UCNP-ICG-RGDs showed potential for use as a targeted CT contrast agent.

Targeted UCL imaging
--------------------

To obtain real-time dynamic imaging information and accurate diagnosis results, a combination of CT and optical imaging modalities is required. Thus, UCL imaging was studied at both the cell and small-animal levels to investigate the optical performance of the UCNP-ICG-RGD.

***In vitro*:**The UCL properties of the CsLu~2~F~7~-based nanoparticles were compared with those of NaLuF~4~-based nanoparticles. The results suggested that the UCL intensity of CsLu~2~F~7~-based UCNP was slightly weaker than that of NaLuF~4~-based nanoparticles. However, the slight difference may not influence the application of UCNP for optical imaging. UCL targeted imaging of UCNP-ICG-RGDs *in vitro*was investigated using a laser scanning upconversion luminescence microscope equipped with CW excitation at 980 nm [@B47]. As shown in Figure [4](#F4){ref-type="fig"}A, a strong UCL signal was observed in U87MG cells under CW excitation at 980 nm, whereas HeLa cells showed weak luminescence (Figure [4](#F4){ref-type="fig"}D). In addition, bright-field images of the cells were obtained. When the UCL and bright field images were merged, UCL was found to originate from the surface of U87MG cells, which was attributed to the highly specific interaction between RGD on the UCNP-ICG-RGDs and integrin α~v~*β*~3~ on U87MG cells. In contrast, both U87MG cells incubated with UCNP-ICGs without RGD (Figure [4](#F4){ref-type="fig"}B) and the cells in the competition experiment (Figure [4](#F4){ref-type="fig"}C) showed weak signals in the UCL images, suggesting non-specific binding of these nanoparticles to the cells. These results demonstrated that UCNP-ICG-RGDs selectively accumulated on the surface of U87MG cells with high integrin α~v~*β*~3~ expression; they can therefore be used as specific agents for targeted imaging of U87MG cells.

***In vivo*:**We next performed *in vivo* imaging using UCNP-ICG-RGDs to specifically target tumors overexpressing integrin α~v~*β*~3~. The same mice used for CT imaging were transferred to the UCL system and imaged using a modified UCL *in vivo* imaging system. Under excitation with a CW 980 nm laser, an intense UCL signal was observed in mice injected with UCNP-ICG-RGDs (Figure [5](#F5){ref-type="fig"}A). Tissues were dissected from these mice, and a high UCL signal was observed in the liver, spleen, and tumor (Figure [5](#F5){ref-type="fig"}B). In particular, the region of interest analysis of the UCL signal (*λ*~em~= 800 ± 12 nm) revealed a high signal-to-noise ratio between the tumor and background. These results suggest that UCL imaging of tumors using UCNP-ICG-RGDs, an efficient label, was successful because of the active targeting ability.

Targeted photothermal imaging
-----------------------------

Overheating may damage surrounding tissues, increasing the potential danger of synergistic therapy. Apart from CT and UCL imaging, photothermal imaging can also provide information regarding the progress of therapy, particularly for monitoring temperature. Thus, photothermal imaging was also studied.

***In vitro*:** The UCNP-ICG-RGD solution (100-1000 μg.mL^-1^) was exposed to an NIR laser (808 nm, 0.5 W cm^-2^). The color of the photothermal images changed upon NIR irradiation (Figure [6](#F6){ref-type="fig"}B). The temperature of the solution increased with increase in concentration and time (Figure [6](#F6){ref-type="fig"}A). These results indicate that UCNP-ICG-RGDs can be used as a photothermal agent for further bioapplication.

***In vivo*:** Based on the determination of the tumor location in mice, the tumor photohyperthermic effect of the ICG-containing PTT coupling agent was further evaluated. The UCNP-ICG-RGD-induced photothermal cancer therapy *in vivo*was studied using U87MG tumor-bearing mice. Photothermal imaging was used to record the temperature change in the tumor. Nude mice (*n*= 5) were intravenously injected with the phosphate-buffered saline solution containing UCNP-ICG-RGDs (200 μL, 1 mg mL^-1^) and exposed to an 808 nm laser (0.5 W cm^-2^). As shown in Figure [6](#F6){ref-type="fig"}C, the surface temperature of the tumor showed a rapid increase from 31.2ºC to 48.8ºC with no obvious temperature change in the surrounding tissues. This result indicates that UCNP-ICG-RGD can be applied to monitor the temperature change of the tumor region without damaging the surrounding tissues.

Targeted therapeutic efficacy
-----------------------------

Following multifunctional imaging, the tumor location can be determined. To demonstrate that UCNP-ICG-TOS-RGD is a novel nanoplatform that can be used for integration of cancer diagnosis and synergistic treatment, the therapeutic effect should also be determined.

**Chemotherapy efficacy *in vitro*:** Based on the conjugation of amino groups on PEG and carboxyl groups on *α*-TOS, the chemotherapy drug (*α*-TOS) was conjugated to the nanoparticles to yield *α*-TOS-conjugated UCNP (UCNP-ICG-TOS-RGD) for chemotherapy (Scheme [1](#SC1){ref-type="fig"}). The UV-vis-NIR spectrum was used to ensure that \~2.02 10^-5^ mol α-TOS was covalently attached to per gram nanoparticle, because the apparent absorption peaks at 260 nm were associated with the absorption of free α-TOS (Figure [S17](#SM1){ref-type="supplementary-material"}). Moreover, the absence of supernatant absorption indicated that no leaching of ICG and *α*-TOS occurred from the UCNP-ICG-TOS-RGD (Figure [S18](#SM1){ref-type="supplementary-material"} and S19). For chemotherapy applications, it is essential to confirm that *α*-TOS attached to the UCNPs is therapeutically active and has a targeted therapy effect. The therapeutic activity of the developed UCNP-TOS-RGD was evaluated using the MTT assay in U87MG (cancer) and 293T (normal) cells. For comparison, UCNP-PEG and free *α*-TOS were also tested. As shown in Figure [7](#F7){ref-type="fig"}A, the inhibitory effect of UCNP-TOS-RGD on U87MG cells was significantly higher than that of UCNP-PEG and was slightly lower than that of free *α*-TOS at the concentration of 10-40 mM. In contrast to U87MG cells, 293T cells showed significantly higher viability (\>90%) under the same treatments (Figure [7](#F7){ref-type="fig"}A). These results indicated that UCNP-TOS-RGD selectively inhibits cancer cell growth, but has no significant influence on normal cells.

**PTT efficacy *in vitro*:** To assess PTT, the medium containing UCNP-ICG-RGD was used to incubate U87MG cells irradiated with an 808 nm laser (0.5 W cm^-2^). As shown in Figure [7](#F7){ref-type="fig"}B, the viability of U87MG cells, cultured with UCNP-ICG-RGDs and subjected to irradiation, was slightly lower than that of cells cultured with ICG under the same conditions. These data indicate that UCNP-ICG-RGDs have excellent targeted properties and photothermal therapeutic efficacy in cancer cells and should therefore be further analyzed.

Synergetic therapy efficacy *in vitro*: To evaluate the synergetic anticancer effect, U87MG cells cultured with UCNP-ICG-TOS-RGDs and exposed to an 808 nm laser were studied as the experimental group (Synergetic group: UCNP-ICG-TOS-RGD + 808 nm). Control groups were also evaluated (Chemo group: UCNP-TOS-RGD; Photothermal group: UCNP-ICG-RGD + 808 nm). Cell viability without treatment was used as the control (Figure [7](#F7){ref-type="fig"}C). Compared with chemotherapy only and PTT only, synergetic therapy showed a substantial advantage for eliminating cancer cells (*p*\< 0.05). These results indicate that the UCNP-ICG-TOS-RGD combined with NIR laser irradiation is a useful synergetic chemo-photothermal therapy agent for the anticancer biological application.

**Synergetic therapy efficacy *in vivo*:**The *in vivo* therapeutic efficacy of UCNP-ICG-TOS-RGD-induced synergetic chemo-photothermal treatment was determined in a small-animal model. Four groups consisting of five tumor-bearing mice each were used in our experiment. The synergetic therapy group consisted of mice bearing the U87MG tumor injected with UCNP-ICG-TOS-RGD and exposed to an 808 nm laser (UCNP-ICG-TOS-RGD + 808 nm). Furthermore, two control groups and a blank group were designed: Chemo group (UCNP-TOS-RGD), Photothermal group (UCNP-ICG-RGD + 808 nm), and blank group (fresh medium). The blank group had a higher tumor growth rate than that of the Synergetic group and two control groups (Figure [S20](#SM1){ref-type="supplementary-material"}). As shown in Figure [7](#F7){ref-type="fig"}D, the tumors in the Synergetic group shrank dramatically, whereas tumors in the other two control groups were partially reduced in size. The relative tumor volume (V/V~0~) was reduced to zero for the Synergetic group within 9 days of treatment. In contrast, tumors in the control groups shrank slowly, with the V/V~0~reaching as high as 0.6 (Figure [7](#F7){ref-type="fig"}E). The synergistic effect may contribute to the PTT-induced enhanced permeability of anticancer drugs, by changing the microenvironment of the tumor region and increasing the concentration of anticancer drugs [@B48]-[@B49]. These results indicate that UCNP-ICG-TOS-RGD is a powerful synergetic chemo-photothermal therapy agent for the *in vivo* treatment of cancer.

Conclusion
==========

Previous reports have described upconversion of nanoparticles composed of common alkali metals (Li, Na, or K). In this study, we used cesium (Cs), which has a higher X-ray absorption coefficient than other common alkali metals, to synthesize Cs-based UCNPs using a typical solvothermal method. This multifunctional imaging-therapeutic nanoplatform was then modified with a targeting moiety and therapeutic agents for potential clinical applications. The reported nanoplatform entailed the functions of UCL and CT diagnosis as well as synergetic chemo-photothermal therapy. More importantly, the nanoplatform displayed low *in vivo*toxicity. Our results demonstrated that Cs-based UCNPs exhibited excellent CT performance, which was superior to that of other alkali metals-based UCNPs. Furthermore, UNCP-ICG-TOS-RGDs afforded specific targeted therapy of cancer cells but not normal cells because of *α*-TOS, a non-common chemotherapeutic drug, and the targeting moiety, RGD. The encouraging results observed in the small animal model warrant further investigations using this multifunctional nanoplatform for its potential use in cancer theranostics.
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![Schematic illustration of the synthesis of the ICG, α-TOS, and RGD-modified CsLu~2~F~7~:Yb,Er,Tm multifunctional nanoplatform (UCNP-ICG-RGD-TOS) and their targeted chemo-photothermal synergistic therapy of tumor cells.](thnov06p1491g001){#SC1}

![TEM images of the UCNP-OA. (A) Scale bar: 200 nm. (B) Scale bar: 50 nm. Inset: the HR-TEM image of UCNP-OA. (C) XRD pattern of UCNP-OA and standard card of its hexagonal phase (JCPDS card No. 43-0504). (D) Size distribution of UCNP-OA in cyclohexane.](thnov06p1491g002){#F1}

![(A) Absorption spectra of UCNP-ICG solution and standard solutions containing different concentrations of ICG. (B) ICG concentration *vs*absorption at λ = 805 nm. (C) Room temperature UCL emission spectrum of UCNP-ICG-RGD dissolved in water (1 mg mL^-1^) under CW excitation with a 980 nm laser (power of 800 mW). (D) Photographs (top) and UCL images (bottom) of UCNP-ICG-RGD dissolved in various solutions: (1) water, (2) phosphate-buffered saline (PBS), (3) 5% glucose solution, (4) fatal bovine serum (FBS), (5) Dulbecco modified Eagle medium (DMEM), (6) 0.9% NaCl solution, and (7) artificial cerebrospinal fluid.](thnov06p1491g003){#F2}

![(A, B) Expression of integrin α~v~*β*~3~ on different cells by flow cytometric analysis. (C) *In vitro*CT images Hounsfield units measurements (E) of NaLuF~4~- and CsLu~2~F~7~-based nanoparticles with different mass concentrations of 12, 6, 3, 1.5, and 0.75 mg mL^-1^. (D) *In vivo*maximum intensity post-injection images, and (F) relative CT value intensity of the mice were obtained 30 min post-injection of NaLuF~4~- and CsLu~2~F~7~-based nanoparticles (200 μL, 1 mg mL^-1^). White circles indicate the distribution difference between the tumor (circle 1), liver (circle 2), and normal tissue (circle 3).](thnov06p1491g004){#F3}

![Confocal UCL images of U87MG cells incubated with (A) UCNP-ICG-RGD at 37^o^C, (B) UCNP-ICG, (C) UCNP-ICG-RGD in the presence of unlabelled RGD. (D) HeLa cells were incubated with UCNP-ICG-RGD (300 μg mL^-1^). The green and red UCL emission was collected at 530 ± 30 nm and 640 ± 30 nm, respectively.](thnov06p1491g005){#F4}

![(A) *In vivo*UCL images of the mice bearing U87MG tumors after intravenous injection of UCNP-ICG-RGD (200 μL, 1 mg mL^-1^). (B) UCL images of tissues (heart, lung, tumor, liver, spleen, and kidney) dissected from the mice. Bright field, UCL, and overlay images were acquired under the same conditions (power \~80 mW cm^-2^).](thnov06p1491g006){#F5}

![(A) Photothermal imaging was investigated by monitoring UCNP-ICG-RGD solutions (100-1000 μg mL^-1^) at different time intervals irradiated by a NIR laser (808 nm, 0.5 W cm^-2^). (B) Heating rate of UCNP-ICG-RGD. (C) Photothermal imaging of nude mice injected with UCNP-ICG-RGD solutions irradiated by an 808 nm laser pre- (top) and post- (bottom) injection.](thnov06p1491g007){#F6}

![(A) Viability of 293T cells and U87MG cells cultured with medium containing UCNP-PEG, UCNP-TOS-RGD, and free *α*-TOS at different *α*-TOS concentrations (0-40 μM). (B) Viability of U87MG cells cultured with medium containing UCNP-ICG-RGD and free ICG at different ICG concentrations (0-20 μM) upon irradiation at 808 nm laser. (C) Viability of U87MG cells with medium containing UCNP-ICG-TOS-RGD upon irradiation at 808 nm laser (Synergetic group), UCNP-TOS-RGD only (Chemo group), and UCNP-ICG-RGD upon irradiation at 808 nm laser (Photothermal group). Cells without treatment were used as a control group. *Note.*\*\*\*p\<.001. (D) Growth rates and (E) photographs of mice in Synergistic group, Chemo group, and Photothermal group.](thnov06p1491g008){#F7}
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